When planet-hosting stars evolve off the main sequence and go through the red-giant branch, the stars become orders of magnitudes more luminous and, at the same time, lose mass at much higher rates than their main-sequence counterparts. Accordingly, if planetary companions exist around these stars at orbital distances of a few AU, they will be heated up to the level of canonical hot Jupiters and also be subjected to a dense stellar wind. Given that magnetized planets interacting with stellar winds emit radio waves, such "Red-Giant Hot Jupiters" (RGHJs) may also be candidate radio emitters. We estimate the spectral auroral radio intensity of RGHJs based on the empirical relation with the stellar wind as well as a proposed scaling for planetary magnetic fields. RGHJs might be intrinsically as bright as or brighter than canonical hot Jupiters and about 100 times brighter than equivalent objects around main-sequence stars. We examine the capabilities of low-frequency radio observatories to detect this emission and find that the signal from an RGHJ may be detectable at distances up to a few hundred parsecs with the Square Kilometer Array.
INTRODUCTION
Planets with strong magnetic fields may generate radio and/or X-ray emission when interacting with energetic charged particles. It is well known that Jupiter emits radio waves from its auroral region due to the cyclotron-maser instability (e.g. Wu & Lee 1979; Zarka 1998; Treumann 2006) . Exoplanets could also generate radio emission through similar mechanisms, depending on their intrinsic magnetic fields and the properties of surrounding plasmas, e.g. stellar wind particles and particles from Io-like moons. This process could provide an avenue to discover planets that are otherwise extremely difficult to find -those orbiting highly evolved stars. Unlike traditional methods of discovering exoplanets, in which the planetary signal is a tiny perturyuka.fujii@elsi.jp bation on light from the star, low-frequency planetary radio emission might be an arena where planets are vastly brighter than their stars. This paper is an exploration of the surprisingly diverse range of physical processes that lead to this emission and the prospects for detecting radio emission from planets around giant stars with current and near-future lowfrequency radio observatories.
Observations of radio emission from solar system planets imply an empirical relation: the auroral radio power is proportional to the input solar wind energy going into each planetary magnetosphere. This is commonly referred to as the "radiometric Bode's law" (Desch & Kaiser 1984; Zarka et al. 2001) . Extrapolating this scaling to exoplanets, radio emission from exoplanetary systems has been examined. Farrell et al. (1999) , Zarka et al. (2001) , and Lazio et al. (2004) estimated that a few of the known ex-oplanetary systems may have radio flux of ∼1 mJy level, due to the small orbital distance of the planets. Stevens (2005) gave improved estimates of the stellar mass-loss rate based on X-ray flux and reevaluated the radio flux of known exoplanetary systems. Grießmeier et al. (2005) took account of the high stellar activity in the early stage of the planetary system and proposed that the young system would be a good candidate in which to search for radio emission. Grießmeier et al. (2007a,b) discussed the effects of the detailed properties of stellar wind in the proximity of the stars. They considered not only the kinetic energy of the stellar wind but also the magnetic energy of the stellar wind and coronal mass ejection. Note that in these papers, the scaling relations for the planetary magnetic field differ from paper to paper. In Reiners & Christensen (2010) , the authors adopted a new scaling relation of planetary magnetic fields based on Christensen et al. (2009) . Jardine & Collier Cameron (2008) modeled the reconnection between the magnetic field of a close-in planet and that of the host star to obtain estimates that are not based on the "radiometric Bode's law." Although observational searches for these radio signatures are underway, no clear detection has been claimed (Bastian et al. 2000; George & Stevens 2007; Smith et al. 2009; Stroe et al. 2012; Hallinan et al. 2013; Murphy et al. 2015) , while there are some promising initial results (Lecavelier des Etangs et al. 2013; Sirothia et al. 2014 ).
When stars less than ∼8 M evolve off the main sequence, they evolve through the red-giant branch (RGB) and the asymptotic-giant branch (AGB) phases where their radii and luminosities increase by orders of magnitude. Jovian planets in orbit around such stars can migrate inward or outward due to the interplay between tidal torques and the massloss process on the post-main sequence (Nordhaus et al. 2010; Kunitomo et al. 2011; Mustill & Villaver 2012; Spiegel 2012; Nordhaus & Spiegel 2013) . During this time, such planets can be transiently heated to hot-Jupiter temperatures ( 1000 K) at distances out to tens of AU, depending on the star's mass; such planets are termed "Red-Giant Hot Jupiters" (RGHJs), though the term can refer to planets orbiting either RGB and AGB stars (Spiegel & Madhusudhan 2012) . Such planets are also subject to interactions with a massive (but slow) stellar wind, as the mass-loss rate of evolved stars is significant, ranging from ∼10 −8 M yr −1 to ∼10 −5 M yr
with the highest values for AGB stars (e.g., Reimers 1975; Schild 1989; Vassiliadis & Wood 1993; Schöier & Olofsson 2001; van Loon et al. 2005) . On the assumption that the radio emission is correlated with the stellar wind, planetary companions around evolved stars could also generate bright radio emission.
Based on this speculation, Ignace et al. (2010) examined radio emission from known substellarmass companions around cool evolved stars. They found that the low ionization fraction of the stellar wind of evolved stars suppresses their radio emission and leads to weak radio emission. In addition, they considered a scenario in which post-bow shock heating could produce ionized hydrogen atoms. This indicates a configuration of radio-wave generation very different from that of the solar system, and the lower-limit estimate, at least, is well below the detection limit.
In this paper, we consider a further plausible scenario, where the accretion of the massive stellar wind onto the planet would emit UV and X-ray photons that ionize the stellar wind in the vicinity of the planet. The ionized stellar wind particles would then interact with the planetary magnetic field in the same way as the solar system planets do. Thus, by extrapolating the "radiometric Bode's law," we provide more optimistic estimates compared to the previous result. In addition, we introduce two major advances beyond the work of Ignace et al. (2010) that are related to the observability of radio emission from RGHJs. First, we estimate the plasma frequency cut-off of the stellar wind, which turns out to be one of the major obstacles to detecting radio emission from RGHJs. Second, we discuss the planetary parameter space to search for radio emission, employing scaling laws for the planetary magnetic field, noting that the survey of exoplanets around highly evolved stars is not complete.
In Section 2, we present the framework to obtain the frequency and the flux of planetary auroral radio emission, and we describe our models for the stellar wind and planetary magnetosphere. Section 3 presents the estimates of the spectral radio flux of RGHJs and compares the predictions with what might be expected from canonical hot Jupiters as well as those from Jupiter-twins. Section 4 gives the prospects for the signal detection with the current/future instruments. Estimates for the known late-type (M-type) evolved stars are also included. Finally, Section 5 concludes the paper with a brief summary.
MODEL
In this section, we describe our framework to estimate radio emission from RGHJs. First, we introduce our scheme to compute the frequency and intensity of planetary radio emission in Sections 2.1 and 2.2, respectively. Then, two ingredients for the framework -the strength of the planetary magnetic field and the properties of the stellar windwill be presented in Sections 2.3 and 2.4, respectively. In Section 2.5, we consider the ionization around the planets, which is a crucial factor to determine the efficiency of the interaction between the planetary magnetosphere and the stellar wind.
Frequency of Radio Emission
As ionized electrons flow along planetary magnetic field lines, auroral radio waves are emitted at the local cyclotron frequency. The upper limit is around the cyclotron frequency of the planetary surface magnetic field, ν cyc, max :
where B is the strength of the magnetic field at the planetary surface, e and m e are the charge and mass of electrons, respectively, and c is the speed of light.
Radio emission from an exoplanet is observable from the ground (on Earth) only when its frequency is greater than both the plasma frequency of Earth's ionosphere ν ⊕ plasma and the maximum plasma frequency along the line of sight ν The plasma frequency may be expressed as
= 8979 Hz × n e cm −3
In the Earth's ionosphere, the electron number density is less than 10 6 cm −3 , which implies that ν ⊕ plasma ∼ < 10 MHz. Along the line of sight, the maximum plasma frequency ν los plasma is typically governed by the density of stellar wind particles around the planet, which will be specified in Section 2.4 below.
Another factor that affects the radio emission is the plasma frequency at the site of radio-wave generation. This is because the cyclotron-maser instability as a mechanism to generate intense radio emission is efficient when the in situ plasma frequency is small in comparison to the local cyclotron frequency (Treumann 2006) . Future work will be required to estimate the local plasma density and examine this condition. In this paper, we assume that this condition is satisfied at least at some region along the poloidal magnetic field lines.
Flux of Radio Emission
The auroral radio spectral flux of exoplanets observed at the Earth, F ν , can be expressed by:
where P radio is the energy that is deposited as auroral radio emission of the considered frequency range, Ω is the solid angle of the emission, l is the distance between the target and the Earth, and ∆ν is the frequency bandwidth.
We estimate the radio emission of exoplanets, P radio , simply by scaling the Jovian auroral radio emission, P radio, J , with the input energy from stellar wind, in the same manner as Grießmeier et al. (2005 Grießmeier et al. ( , 2007a . The scaling is based on the empirical/apparently good correlation between the radio emission intensity of solar system planets and the input kinetic energy, P inp, k , or the magnetic energy of the solar wind, P inp, m , (the "radiometric Bode's law"; Desch & Kaiser 1984; Zarka et al. 2001) , i.e.,
where m p is the proton mass, n is the number density of the stellar wind, v is the relative velocity of the stellar wind particles to the planet, B ⊥ is the interstellar magnetic field perpendicular to the stellar wind flow, and r mag is the distance from the center of the planet to the magnetic stand-off point, described below. It is not clear from observations of the solar system planets which of the above two relations (Eqs. 7 and 8) most accurately captures the "true" relationship between input ingredients and output radio power (Zarka et al. 2001) . In this paper, we assume that the radio emission scales with the input kinetic energy (i.e., that P radio ∝ P k, inp , as per Eq. 7) and consider the possible effects of a dense stellar wind.
Note that if Eq. 8 is actually the better predictor of radio power, it is difficult to estimate the emission from RGHJs at this point, because magnetic fields of evolved stars are not well constrained for highly evolved stars; most observations set only upper limits (e.g., Konstantinova-Antova et al. 2010 Petit et al. 2013; Tsvetkova et al. 2013; Aurière et al. 2015) . In the case of the M-type giant EK boo, a surface magnetic field ∼0.1-10 G has been measured. In this particular case, given the large stellar radius (R ∼ 210R ), the magnetic moment may be about 10 3 × larger than that of the Sun and therefore may also increase the planetary radio emission. However, due to our present ignorance about the strength of magnetic fields of evolved stars, we leave the magnetic model of radio emission for RGHJs for future work.
In reality, the total power of Jovian auroral emission varies greatly over time. The average is of the order of 1.3 × 10 10 W. During highly active periods, it averages more like 8.2 × 10 10 W, and the emission can reach powers as high as 4.5 × 10 11 W during peak activity (Zarka et al. 2004) . Here, we employ P radio, J = 2.1×10 11 W as a canonical value, following Grießmeier et al. (2005 Grießmeier et al. ( , 2007b .
The magnetic stand-off point is where stellar wind ram pressure and planetary magnetic pressure are in approximate balance:
The outflow ram pressures from heated planets are negligible compared to these pressures, as discussed in Appendix A. Therefore,
The radius obtained for Jupiter from this equality is about half of the actual magnetospheric radius (Grießmeier et al. 2005) . To estimate r mag for RGHJs, we scale this radius according to the parameter dependence of equation (10).
For exoplanets, we assume that the solid angle of the emission (Ω) is the same as that of Jupiter. In reality, the solid angles of auroral radio emission from Jupiter, Saturn, and Earth are ∼1.6, ∼6.3, and ∼3.5 steradians, respectively (Desch & Kaiser 1984) , which are on the same order and will not significantly affect our order-of-magnitude estimate of radio emission. The bandwidth, ∆ν, is assumed to be proportional to the representative frequency of the emission, which is the cyclotron frequency, following Grießmeier et al. (2007b) .
Assumptions for Planetary Magnetic Field
In order to obtain the frequency and the intensity of the radio emission, we need to compute the strength of the magnetic field at the planetary surface, B. We do so simply by scaling the Jovian magnetosphere at the surface B J ∼ 10 G according to the planetary mass and age, based on the scaling relation described below.
Several scaling relations for planetary magnetic field strength have been proposed (e.g. Busse 1976; Russell 1978; Stevenson 1979; Mizutani et al. 1992; Sano 1993; Starchenko & Jones 2002; Christensen & Aubert 2006; Christensen et al. 2009 ), which are summarized and compared with numerical simulations in Christensen (2010) . We employ the scaling law proposed in Christensen et al. (2009) and used in Reiners & Christensen (2010) to explore the evolution of planetary magnetic fields:
where B dynamo is the mean magnetic field in the dynamo region, f ohm is the ratio of ohmic dissipation to the total dissipation, ρ dynamo is the mean density in the dynamo region, F is an efficiency factor of order unity, and q o is the convected flux at the outer boundary of the dynamo region (see Christensen et al. 2009 for a comprehensive description). This scaling law is based on the assumption that the ohmic dissipation energy is a fraction of the available convected energy and was found to be in good agreement with both the numerical experiments (over a wide parameter space) and with known objects from the Earth to stars. Here, f ohm and F are assumed to be constant for the bodies considered in this paper. Dipole magnetic field strength at the planetary surface, denoted by B, is then scaled by
where r dynamo is the radius of the outer boundary of the dynamo region.
The scaling law for B dynamo , Equation (11), is reasonable only for rapidly rotating objects. Unlike canonical hot Jupiters, RGHJs are not tidally locked to their host stars, so they probably have the rapid rotation needed for Eq. 11 to be a useful ansatz (Spiegel & Madhusudhan 2012) . In this paper, we assume that RGHJs indeed are rapidly rotating so that they generate planetary magnetic fields through the same mechanism as Jupiter.
In order to evaluate ρ dynamo and q o , we need a model of the internal planetary structure. We consider Jupiter-like gaseous planets and assume that the planetary radius is constant at R p = R p,J , as numerical calculations show that the radii of gaseous planets over the range of 0.1M p,J < M p < 10M p,J (with core mass less than 10%) converge to 0.8R p,J < R p < 1.2R p,J within 1 Gyr Spiegel & Burrows 2012 . For the density profile, we follow Grießmeier et al. (2007b) and assume a polytropic gas sphere with index n = 1, which results in:
We determine the radius of the outer boundary of the dynamo region, r dynamo , by assuming that the hydrogen becomes metallic when ρ(r) exceeds the critical density ρ crit = 0.7 g/cm 3 (Guillot 2006; Grießmeier et al. 2007b) . The density of the metallic core, ρ dynamo is obtained by averaging the density in the core. In the case of Jupiter, r dynamo,J = 0.85R J and ρ dynamo,J = 1.899 g/cm 3 .
The scaling of convected heat flux at the outer boundary, q o , is obtained by dividing the agedependent net planetary luminosity, L p , by the surface area of the core region, i.e., 4πr 2 dynamo . The time-dependent luminosity is taken from equation (1) of Burrows et al. (2001) (see also Marley et al. 2007) . Ignoring the relatively weak dependence on average atmospheric Rosseland mean opacity leads to:
(14) Therefore, we have
Assumptions for Stellar Wind
The other key ingredient for radio emission is the stellar wind. The number density of particles in the stellar wind, n, can be expressed as
whereṀ is the stellar mass-loss rate, a is the orbital distance from the star, m p is the proton mass, and v sw is the velocity of the stellar wind. For the solar wind,Ṁ ∼ 2 × 10 −14 M /yr and v sw ∼ 400 km/s (e.g., Hundhausen 1997).
The mass-loss rate of red giants is typicallẏ (Reimers 1975) , and the rate can be as high as 10 −5 M /yr during the AGB phase (Schild 1989; Vassiliadis & Wood 1993; Schöier & Olofsson 2001; van Loon et al. 2005) . Therefore, we haveṀ Ṁ ∼ 10 6 − 10 9 .
The stellar wind velocity, v sw , becomes smaller as the star evolves. The wind velocity is typically of the order of the escape velocity at a distance of several times the stellar radius (Suzuki 2007) , i.e., ∼ 2GM /R , where R is several times R . For a star with radius R = 100 R , this results in v sw ∼ 30 km/s. Therefore, a solar-mass red giant with radius R = 100R produces a stellar wind that is slower by an order of magnitude than that of the Sun, v .
Based on equation (17), the number density of the stellar wind (equation 16) is normalized as follows:
The velocity term in equation (7), which is the relative velocity between the planet and the stellar wind particles falling onto the planet, depends on the stellar wind velocity, the infall velocity (i.e., the acceleration due to planet's gravitational field), and the planetary orbital velocity. All three of these terms might be of the same order of magnitude: as described above, v sw is ∼30 km/s; the infall velocity from the planetary gravity is ∼10-25 km/s depending on the planetary mass (ranging from 1M J to10M J ); and the orbital velocity is 10 − 30 km s −1 depending on the orbital distance (ranging from 1 − 5 AU). In the next section, we simply consider
a fiducial value for the normalization.
Ionization of Stellar Wind Particles Around the Planet
As discussed in Ignace et al. (2010) , as stars evolve, the ionization fraction of the stellar wind diminishes to the order of ∼10 −3 (Drake et al. 1987 ). Since only charged particles interact with a planetary magnetic field, this suggests inefficient interaction with the planetary magnetosphere and hence, low input energy for radio emission. However, for a highly evolved star, the velocity of the stellar wind eventually becomes slower than the escape velocity of the planetary companion and hence, stellar wind particles will accrete onto the planets. Spiegel & Madhusudhan (2012) considered Bondi-Hoyle accretion where the accretion radius is
The accretion luminosity L acc and temperature T acc are
The accretion onto planets, therefore, leads to emission of UV/X-ray photons whose characteristic energy ∼k B T acc exceeds the ionization energy of hydrogen, E Rydberg = 13.6 eV (λ = 91.2 nm). Therefore, UV/X-ray radiation from accretion will create a local ionized region around the planet.
Let us consider the ionization profile around the planet. We suppose a state where the ionization and recombination rates are in equilibrium. Denoting the ionization fraction by x, the equilibrium state at a distance r from the planet may be represented byṄ
whereṄ X is the source rate of the photons that can ionize hydrogen, E photon is the energy per photon, and σ H is the cross-section of H atoms for X-ray photons. Per Verner et al. (1996) , σ H scales as
where β[T e ] is the "class B" recombination coefficient as a function of the electron temperature, T e . We adopt the value at T e ∼ 10 4 K, β ∼ 2.6 × 10 −13 cm 3 /sec, in the following (Pequignot et al. 1991) ; when the electron temperature is varied from 10 3 to 10 5 K, β varies 1.
The source rate is obtained by counting the number of photons with energy exceeding E Rydberg , which is approximately given by dividing the X-ray accretion luminosity by the characteristic photon energy produced:
where k B is Boltzmann's constant. As a result,
For accretion onto very massive planets, the characteristic photon energy is so high that the released energetic electrons may also ionize other atoms in the vicinity. The cross-section 1 of hydrogen for electrons is ∼4×10 −17 cm 2 (Fite & Brackmann 1958) , which implies a mean free path for ionized electrons of ∼2R J in the surrounding medium. As a result, nearly 2/3 of released energetic electrons will ionize a hydrogen atom within ∼2R J , and more than 99% will ionize a hydrogen atom within ∼10R J .
In principle, photons with energy E photon have the potential to ionize E photon /E Rydberg hydrogen atoms. To account for this, we consider two limiting possibilities: After an ionizing collision, the energy can (i ) be split evenly between the two electrons, or it can (ii ) go entirely into the kinetic energy of one electron and not at all into that of the other (of course, any split in between these extremes is possible, too). Note that conservation of momentum and energy imply that the proton will not acquire a significant fraction of the energy of the collision.
2 Scenario (i ) implies a cascade where an electron with energy E in ionizes an atom, producing two electrons (an ionizing electron plus the released electron) with energy (E in − E Rydberg )/2 for each. For example, in an idealized case with M p = 10M J , k B T acc ∼ 172 eV ∼ 12 E Rydberg , a photoionization could produce an electron with energy of (12 − 1) = 11E Rydberg , then a second ionization by that electron would produce two photons with energy of (11 − 1)/2 = 5E Rydberg , and the third ionization by these two photons would produce four photons with energy of (5 − 1)/2 = 2E Rydberg , etc. The cascade can proceed to the fourth order at the maximum.
Under scenario (ii ), the cascade proceeds with the initial E in electron leading to an electron with kinetic energy E in − E Rydberg and another electron with zero kinetic energy. Clearly, this cascade can produce a maximum total of E in /E Rydberg free electrons.
In reality, not all released electrons result in further ionization interactions. If ξ represents the fraction of released electrons that proceed to the next ionization, then the number of ionized atoms N i released through this cascade (i ) is
Alternatively, cascade (ii ) leads to
where k ≡ E in /E Rydberg is the maximum number of ionizations for the given initial electron energy. This limit leads to a value for N i that is not dramatically different from that of limit (ii ). In Appendix B, we estimate the Møller scattering cross-section and show that cascade (ii ) -unequal recoil energiesis probably more realistic.
Ultimately,Ṅ X in equation (24) is replaced bẏ
For a 10M J planet, N i is probably approximately in the range 5-10. The ionization fraction x as a solution of equation (24) is shown in Figure 1 . When τ ∼ nσ H r is much smaller than unity and thus the e −τ term can be ignored (as is the case for M p = 10M J ), the solution is simply
The solid lines show the ionization fraction corresponding to no additional ionization by electrons (i.e., ξ = 0, or N i = 1) and the dashed line shows the solution with N i = 6 for a 10M J planet. In the figure, the vertical lines show the magnetic stand-off radius obtained using equation (40) below. While the photon rate is larger for more massive planets, the strong dependence of the cross-section on photon energy (equation 26) leads to a decrease in the radius of the ionized region. Nevertheless, a substantial amount of ionized plasma is expected around the magnetic stand-off radius, despite the initially low ionized fraction of the stellar wind.
The extent of the ionized region may also be roughly estimated as the Strömgren radius (Strömgren 1939) :
which gives
for a planet 5 AU from a red giant host. The Strömgren radii for 1-M J and 10-M J planets are also indicated in Figure 1 .
Note that this is a very interesting and different regime of the Strömgren sphere from the commonlyconsidered case (photoionization around O/B-type stars). Around RGHJs, the Strömgren sphere does not delineate a sharp edge of ionization, because of the smaller source rate and smaller photonhydrogen cross-section (in this case parameter "a" in equation 13 of Strömgren 1939 is not small) on account of X-ray photons interacting more weakly with neutral hydrogen than UV photons near the ionization limit. The Strömgren radii are indicated by vertical arrows in Figure 1 . Crucially, X-ray and UV emission from accretion onto the planet should ionize a significant fraction of the incoming stellar wind, thereby allowing radio waves to be generated from this interaction.
In reality, the temperature and luminosity based on the Bondi-Hoyle accretion (equations 22 and 23) describes the situation only approximately. Precisely, only the neutral portion of the stellar wind can accrete onto the planet without interacting with the planetary magnetic field, and the ionized portion would lose some energy at the bow shock before it accretes. On the other hand, the ionized plasma interacting with the magnetic field could have a cross-section larger than the Bondi-Hoyle accretion radius. The detailed electromagnetic structure around RGHJs therefore requires elaborate numerical simulations that are beyond the scope of this paper. In the following sections, we aim to give order-of-magnitude estimates of radio emission, observability, etc., which ought to be robust with respect to uncertainties in the details of the ionization process.
3. ESTIMATES 3.1. Planetary Magnetic Field and Frequency of Radio Emission Figure 2 shows the computed radius (r c ) and average density (ρ c ) of the dynamo region as a function of planetary mass, as well as the heat flux at the outer boundary of the core (q o ), the estimated strength of the planetary magnetic field (B), and the corresponding cyclotron frequency (ν cyc ) as functions of planetary mass and the age. Substituting equation (15) into equation (12), and given that r dynamo does not change significantly, the magnetic field is approximately:
under this model, where B J is the magnetic field strength of Jupiter; in this paper, we roughly consider B J ∼ 10 G. Reasonably, the resultant values agree with Reiners & Christensen (2010) , who adopted the same scaling law for the planetary magnetic field; we show this figure just for completeness. Note that the cyclotron frequency of Jovian planets typically falls between 10 MHz and 1 GHz. In this regime, there are a number of current and nearfuture radio observatories including the Giant Metrewave Radio Telescope (GMRT), Low-Frequency Array (LOFAR), Hydrogen Epoch of Reionization Array (HERA), Square Kilometer Array (SKA), and potential upgrades to the Very Large Array (VLA) (see Section 4.3).
Since ν cyc, max > ν ⊕ plasma , the radio emission will not be hindered by Earth's ionosphere cut-off. On the other hand, it may experience opacity due to the plasma of the stellar wind particles around the planet. The maximum plasma frequency along the line of sight, ν los plasma , corresponds to that in the vicinity of the planet, if the planet is on the near side of its star to the Earth. Therefore, substituting equation (18) to n e in equation (4) 
We can see emission only from where ν cyc, max > ν los plasma . The detectable parameter space will be presented in more detail in the next section.
Flux of RGHJ Radio Emission in Comparison with Canonical HJs
The magnetic stand-off radius (equation 10) may be written as follows using the stellar mass-loss rate:
The typical value for RGHJs is found by substituting relevant values for stellar wind parameters described in Section 2.4:
where we employ r mag, J = 84 R J (Joy et al. 2002) . Figure 3. Radio flux in unit of Jy from a planetary companion to a red giant with mass loss rate 10 −8 M /yr (top) and that to an AGB star with mass loss rate 10 −5 M /yr (bottom). The systems are located at 100 pc away. The doubly-hatched regions show the parameter spaces where the planetary radio emission would not be observable at all because the maximum frequency of the emission (cyclotron frequency at the planetary surface, νcyc) is below the plasma frequency cut-off, ν los plasma . The regions hatched with vertical lines show the parameter spaces where the frequencies of bulk radio emission is below ν los plasma , i.e., ν los plasma > 0.1νcyc.
scaling of the radio emission is expanded as follows:
We may compare the radio emission power of RGHJs at 5 AU with that of canonical hot Jupiters set at 0.05 AU. In order to perform this comparison, equation (42) can be re-normalized as follows: Here, we have normalized the magnetic field strength of canonical hot Jupiters with B J , considering the uncertainty of the magnetic fields of tidally locked planets. Note that some models of planetary magnetic field strength predict that tidally locked planets have weaker magnetic fields due to their slow rotation (e.g. Grießmeier et al. 2004 ). Although the orbital velocity of canonical hot Jupiters has been ignored in equation (45), the Keplerian velocity at 0.05 AU around a solar-mass star is ∼130 km s −1 , which results in only a <10% increase of the relative velocity.
Using the expressions above, we find that the radio spectral flux density observed at the Earth is: Thus, RGHJs are expected to be intrinsically as bright as the closest hot Jupiters. Compared with the equivalent Jupiter-like planets around main sequence stars, the massive stellar wind of late red giants can increase the radio emission from planetary companions by more than two orders of magnitude, which allows us to explore 10 times more distant systems, i.e., 1000 times more volume. This at least partially compensates for the small population of evolved stars. Equation (48) gives a spectral flux density one to two orders of magnitude smaller than the prediction of equation (5) in Ignace et al. (2010) if we assume the same set of fiducial values and full ionization. This is primarily because their formulation did not incorporate the effect of a compressed planetary magnetosphere due to a massive stellar wind, while the scaling law for the planetary magnetic field strength is also different.
Using this model for planetary magnetic field strength, we may consider the radio spectral intensity and maximum frequency of a given planetary mass and age. Figure 3 shows contours of radio spectral flux density from planetary companions at 4.5 Gyr with varying masses and orbital distances. The target system is located at a distance of 100 pc from the Earth; the flux is scaled by the distance as a quadratic function.
The observable energy flux is limited by the plasma cut-off frequency in the vicinity of the planets, given by equation (38). The doubly hatched regions in Figure 3 indicate the regions of parameter space where ν cyc, max < ν los plasma , i.e., the radio emission from the planet cannot be observed from the Earth. In reality, the peak of the auroral radio emission does not always occur at the maximum frequency. Instead, it usually exists at lower frequencies. Here, we also consider one more criterion, ν cyc, max > 10ν los plasma as a conservative measure for the observability of the bulk of radio emission. In Figure 3 , this conservative region is shown as hatched regions with vertical lines. This indicates that the plasma cut-off due to a dense stellar wind is a significant obstacle to detecting planetary companions around evolved stars. For a redgiant system, the most promising targets are systems with massive companions with M p 5M J , although systems with smaller companions at distant orbits are also accessible. For an AGB-star system, however, only very massive planets at distant orbits are marginally detectable, because the stellar wind is so dense that there is significant radio opacity due to the plasma from the accreting stellar wind.
OBSERVABILITY
In this section, we discuss the observability of the estimated radio emission. An obvious potential obstacle is the intrinsic radio emission from host red giant stars themselves; if they are bright relative to the radio flux from the planets, it is significantly more difficult to identify the planetary contribution. We will see in Section 4.1 that radio flux from the planets will probably be larger in a certain range of parameter space. Then, in Section 4.2, we estimate the radio flux from hypothetical Jupiter-like planets around known M giants. In Section 4.3, we examine the sensitivities and limitations of several current and future radio instruments at relevant frequencies. Finally, Section 4.4 notes the polarization and the time variability of the radio emission as keys to discern the signals from the background noise.
Intrinsic Radio Emission of Red-Giants Stars
Over the last four decades there have been numerous radio continuum observations of nearby red Figure 4 . A cartoon of the radio emission spectra of an RGHJ with 5M J and the host red giants with 100 R . The spectrum of the RGHJ is modeled after Jovian radio spectra, e.g. Figure 8 of Zarka et al. (2004) and Figure 2 of Grießmeier et al. (2007a) ; the contribution from Io-DAM is not shown here. The spectra of the host red giant are modeled simply by extrapolating observed radio spectra above 1 GHz with a power law. The shaded region represents the portion of the spectrum below the plasma frequency of the stellar wind.
giants, many undertaken with the aim of understanding the extended atmospheres and mass-loss mechanisms of K-and M-type giants (e.g., Newell & Hjellming 1982; Knapp et al. 1995; Skinner et al. 1997; Lim et al. 1998; O'Gorman et al. 2013) . Almost all observations have been carried out at frequencies ≥5 GHz, probing thermal Bremsstrahlung emission from the large, partially ionized envelopes surrounding the giant stars (Drake & Linsky 1986 ). The spectral index of this emission is of order unity, with a range of reported values for various sources between 0.8 and 1.6 (O'Gorman et al. 2013) .
Only two published studies describe attempts to detect continuum emission from single (non-binary) red giant stars at frequencies below 1 GHz (L band); both yielded null results. First, a program that observed a sample of nine M-type giants at 430 MHz with the Arecibo Telescope failed to detect any of the sources down to flux density 10 mJy (Fix & Spangler 1976) . Later, with the Molonglo Observatory Synthesis Telescope (MOST), a sample of eight K-and M-type giants were observed at 843 MHz; the upper limits of their flux densities were placed at approximately 1 mJy (Beasley et al. 1992) . Current facilities could achieve far deeper sensitivity on similar targets. For example, as listed in Table 1 , the GMRT at 150 MHz reaches a sensitivity better than 0.5 mJy in under an hour. However, any reattempts to detect single red giants at wavelengths near 1 meter remain to be presented in the literature.
The only red giants that have been detected at meter wavelengths are those in interacting binary systems like those of the RS CVn type. For ex-ample, van den Oord & de Bruyn (1994) detected plasma maser emission from II Pegasi at 360 MHz and 609 MHz with the WSRT. Although single dwarf-type main sequence stars are also known to exhibit bright, coherent radio flares (Bastian 1990) , no analog to this non-thermal emission process has been proposed to exist for evolved stars.
Altogether, we lack firm observational constraints on the brightness of M giants near 30-300 MHz frequencies.
However, assuming thermal Bremsstrahlung emission continues to dominate in this wavelength regime, we can extrapolate down from the reported centimeter flux densities, using the specific spectral index. For example, O'Gorman et al. (2013) reported α Boo (R = 25.4R , T = 4286 K, d = 11.26 pc) at 1 GHz is about 70 µJy, and α Tau (R = 44.2R , T = 3910 K, d = 20.0 pc) at 3 GHz is about 40 µJy. Using these data, we extrapolate the radio flux from the host star F to the lower frequency range with a simple power law as follows:
where the power index α * is of order unity. Figure 4 is a cartoon of the radio spectrum of a planet with 5 M J and that of the host red giant star with 100 R , both of which are placed at a distance of 100 pc. Note that the thermal contribution from the accretion is negligible in this figure. The spectral shape is modeled by simply scaling the Jovian radio spectrum (e.g. Figure 8 of Zarka et al. 2004 ). The continuum lines from the star in the cases of α * = 0.8 and 2.0 are shown as two cases. As Figure  4 indicates, with a reasonable range of spectral index, the radio emission from the star is smaller by an order of magnitude than the expected radio flux from RGHJs at frequencies below 300 MHz. For less massive planets (with weaker magnetic fields), the distinction is even clearer, because the peak flux is larger and the peak frequencies are smaller.
Therefore, in the following, we ignore the radio emission from the red giant as a noise source.
Radio Flux from Nearby M Giants
We now examine how realistic it is that RGHJ radio emission might be detectable with current and near-future instruments. In order to do so, we consider if known red giant stars were to host planetary companions and estimate the resulting radio flux density. We use the list of M-type red giants from Table 4 of Dumm & Schild (1998) , which includes estimates of stellar masses, radii, and effective temperatures. Their data do not unambiguously distinguish RGB from early AGB stars, so probably about 40% of the stars on the list are actually early AGB stars. For each red giant, the mass-loss rate is estimated using the improved Reimers' equation (Reimers 1975) given by Schröder & Cuntz (2005 , 2007 :
whereL = L /L is the stellar luminosity,R = R /R is the stellar radius,M = M /M is the stellar mass, and g is the surface gravity. The velocity of the stellar wind is assumed to be the escape velocity at ∼4R :
The age of the system is taken to be our crude estimate of the main-sequence lifetime, as a function of stellar mass. We simply assume:
Combining this relation with equations (1) and (36) results in
.
(55) In addition, the distance to the system is obtained based on the parallax data from Hipparcos data sets 3 .
Using these data, we estimate the spectral flux of radio emission by specifying planetary mass and orbital distance of a hypothetical planetary companion. We consider [A] a Jupiter-twin whose maximum cyclotron frequency is ν cyc, max ∼ 20 (M /M ) MHz, and [B] a larger Jovian planet with M p ∼ 10M p whose maximum cyclotron frequency is ν cyc, max ∼ 200 (M /M ) MHz. To span a reasonable range of orbital distances, we place the planets at 1 AU and at 5 AU from their host stars. The shape of the marker indicates whether the radio emission can escape from the system (circles), i.e., ν cyc, max > ν los plasma , or not (X's). Assuming Jupiter-mass planets at 1 AU (5 AU) which typically have the maximum cyclotron frequency at 10-100 MHz depending on the age, 148 (12) systems have potential to emit radio waves at a flux density level above ∼10 µJy out to ∼100-300 pc. Those systems with the highest mass-loss rates, which are intrinsically the brightest systems, would probably be unobservable because of the plasma cut-off frequency of the stellar wind. For more massive planets, with maximum cyclotron frequency ∼100-1000 MHz, the radio flux density is lowered due to its dependence on B −1/3 (Equation (47)), but is more likely to reach Earth because it is less extinguished by plasma opacity. 10-M J planets at ∼1 AU may be detectable out to ∼200 pc.
A more realistic estimate of the expected number of detections may be evaluated by combining these results with the probability for a star to have a planet with a certain mass and orbit. Observations of main-sequence stars imply that the number of Jovian planets is in the range of several percent to ∼10% of the number of stars (e.g. Cumming et al. 2008; Cassan et al. 2012) . Assuming the same population for RG systems, the expected number of actual detections from RGHJs would be of order unity. A more detailed examination using the empirical planet mass function by Cumming et al. (2008) is given in Appendix D. 10 -3 radio emission [Jy] for M p =10M J planet 1 AU 5 AU Figure 5 . Radio flux from hypothetical RGHJs of 1M J (upper panel) and 10M J (lower panel) at 1 AU (blue) and 5 AU (black). X symbols indicate that the radio emission is not observable because cyclotron frequency is less than plasma density around the planet.
Detectability with Current and Near-future Low-frequency Radio Instrumentation
We consider in this section several current and near-future radio observatories that operate at frequencies ν 350 MHz and can reach continuum sensitivities less than 1 mJy in a few hours. The results are summarized in Table 1 .
The primary limitation to detectability is a telescope's sensitivity, characterized by the root mean square (RMS) noise fluctuations in the sky and receiver. The RMS noise σ RMS in an interferometric observation with integration time τ , bandwidth ∆ν, effective area A eff (≈ 0.7π(D/2) 2 for interferometers comprising antennas with dish size D), and N antennas is (see e.g. Condon & Ransom 2016) 
Wm −2 Hz −1 .
(56) Here, T sys is the blackbody-temperature equivalent of the total system noise, which is the sum of the instrument or receiver noise temperature T rx and the noise contribution from the sky T sky . We estimate T sky using the low-frequency sky noise temperature fit from Rogers & Bowman (2008) :
where T 150 = 283.2 K is the T sky at 150 MHz, β = 2.47, and T CMB = 2.73 K is the contribution from the cosmic microwave background (CMB). While this relation was fit to data taken in the 100-200 MHz range, the authors found it to be consistent with published measurements from 10 to 408 MHz.
An additional factor that affects detectability is source confusion, the imaging noise associated with unresolved interloping radio sources in an observation. Source confusion is characterized by the standard deviation σ c in the surface brightness of an image due to one or more unresolved sources in the beam solid angle (for a review, see Condon 1974; Condon et al. 2012) . To estimate σ c , reported in Table 1 , we use the relations provided by Condon & Ransom (2016) , reproduced below:
, (θ < 10 ). (59) As Table 1 illustrates, source confusion is likely to exceed the 2-µJy detection limit of a typical RGHJ source for most telescopes under consideration. However, source confusion can be mitigated through differencing observations that cancel out background sources. Potential axes for such cancellation are polarization and time. The source con- 56). b The integration time in hours required to reach an RMS of 2 µJy (i.e. 5-σ detection of a typical source at 100 pc with 10 µJy bm −1 average flux). c Source confusion RMS contribution. fusion limit is dominated by active galactic nuclei, which have low polarization fractions 2.5% (Stil et al. 2014 ) and slowly vary with time. Therefore, both the circularly polarized nature of the cyclotron emission from planets and the time variability (discussed in §4.4) partially mitigate the source confusion limit, allowing planetary radio emission, like other time-variable sources, to be detected below the imaging confusion limit. We therefore expect confusion not to be a strong limitation to the detectability of radio emission from RGHJs.
The LOFAR operates as two separate arrays defined by their high and low bands, differing configurations, and antenna designs, which are called respectively the High Band Antennas (HBA) and Low Band Antennas (LBA). LOFAR-LBA operates in the 10-90 MHz range, and LOFAR-HBA operates in the 100-240 MHz range (van Haarlem et al. 2013) . We consider it as two separate instruments here. LOFAR-LBA's most sensitive band is centered at 60 MHz, and LOFAR-HBA's is at 150 MHz. Given the strong frequency dependence of the effective aperture of a dipole antenna, and that the receiver noise temperature for LOFAR T rx ∼ T sky , we use the LOFAR Image Noise calculator 4 , which is based on SKA Memo 113 5 , to obtain the sensitivity and imaging parameters in Table 1 .
The HERA 6 is a telescope array under construction in South Africa that will ultimately consist of 352 14-m parabolic dishes, operating from 50 to 250 MHz (Pober et al. 2014) . Unlike the other telescope observatories considered here, HERA is a dedicated experiment for making power spectral measurements of cosmic reionization over wide fields of view. Similar to its progenitor, the Precision Array to Probe the Epoch of Reionization (PAPER; Parsons et al. 2010 ), HERA's dishes are deployed in an extremely compact configuration (Parsons et al. 2012 ) and statically point toward zenith. While these features make HERA less ideal for targeted observations, HERA's substantial collecting area, long observing campaigns, and wide field of view make it a powerful survey instrument.
The GMRT is an array comprising 30 25-meter antennas, operating at frequencies 130-2000 MHz. The lowest band exhibits receiver noise T rx comparable to the sky noise. To be conservative, we use the GMRT online calculator.
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The low-frequency component of the SKA, recently rebaselined to have 0.4 km 2 collecting area in 130,000 elements with baselines extending to 65 km, will operate from 50 to 350 MHz. 8 We estimate the noise in the lower half of the band (ν < 200 MHz), appropriate for lower mass ( 10M J ) separately from the full band, which could be used to detect ∼30-M J objects. We again adopt the Rogers & Bowman (2008) relation for T sys (Equation (57)) and assume T rx ≈ 60 K. We caution that these assumptions are optimistic, and the time estimates could in reality be a factor of a few worse.
The low-frequency receivers in the VLA have T rx ∼ 260 K, similar to the receiver noise temperatures for the Long Wavelength Array (LWA; Hicks et al. 2012) . As noted in Hicks et al. (2012) , this noise level is subdominant to T sky by at least -6 dB. Future upgrades to the VLA such as the LOw Band Observatory (LOBO; Kassim et al. 2015) are being considered, and could potentially cover the full 30-470 MHz band. We estimate the sensitivity of LOBO assuming the receiver noise extrapolates linearly from T rx ≈ 60 K (internal VLA memo) in P-Band (230-470 MHz) to T rx ≈ 260 K in 4-band, and consider just the 50- The noise estimates shown in Table 1 indicate that, at the frequencies relevant for the detection of radio emission from Jupiter-size planets, current instrument sensitivities are generally too low. On the other hand, for more massive exoplanets (M p ∼ 10M J ) where the bulk of the radio emission would exist above 50 MHz, the low-frequency component of SKA will be able to detect the signal within half a day from planets with M p ∼ 10 M J at ∼1 AU within ∼200 pc, or those at ∼5 AU within ∼100 pc. VLA-LOBO could also work for a few nearby systems.
Discriminating the Signal from the Background
Since the confusion limit is on the same order as the signal (Table 1) , it is crucial to consider the ways to discriminate the signal from these sources. There are two key features that makes planetary radio emission distinct: the circular polarization and the time variability (Hess & Zarka 2011; Zarka et al. 2015) .
Planetary auroral radio emission is nearly completely circularly polarized (e.g., Dessler 1983 , and references therein). In contrast, active galactic nuclei -the major confusion sources -have low polarization fractions 2.5% (Stil et al. 2014 ).
The other key feature is the significant time variability of the planetary radio emission. The factors that influence time variability are listed below:
Modulation due to planetary spin rotation ( ∼a few hours) -Radio bursts from Jupiter tend to be correlated with its spin phase (e.g. Dessler 1983) due to the misalignment between the magnetic axis and the spin axis. Similarly, high-temporal-resolution observations of an RGHJ system could reveal periodicity at the planet's spin frequency.
Modulation due to the presence of satellites (∼a few days) -Jupiter's radio bursts are affected by the location of its moon Io, as well (Dessler 1983) , because Io disturbs the surrounding electromagnetic field. Likewise, if an RGHJ has a moon that emits plasma, then the radio flux from such a system is likely to be modulated by the orbital motion of the moon (see, e.g., Noyola et al. 2014 ).
Variability of the stellar wind (∼a few months?) -If the stellar wind passing the planet is variable, any modulation of the plasma density would also lead to time variability of planetary radio emission. Such variability might be expected to occur on timescales of several months to half a year, as many M giants have semi-regular periodicities on the order of a few hundred days (Kiss et al. 1999) .
Modulation due to orbital motion of the planet (∼a few years) -If the planetary orbit is close to the edgeon configuration, the radio emission is likely to disappear or significantly dim at certain orbital phases, due to the increased plasma cut-off frequency along the path and/or secondary eclipse (Lecavelier des Etangs et al. 2013 ). The plasma cut-off frequency increases at some phases because, when the planet is on the far side of the star from Earth, the path of the radio emission toward Earth comes through the vicinity of the star, where the plasma density may be high enough to be partially or completely opaque to the emission, depending on the ionization fraction of the stellar wind.
SUMMARY AND DISCUSSION
In this paper, we estimate the radio brightness of distant "hot Jupiters" around evolved stars (RGHJs). Unlike Ignace et al. (2010) , we consider that UV/X-ray photons from accretion onto the planets partially ionize the stellar wind in the vicinity of planets, which would otherwise be mostly neutral for a cool star's wind. This process yields the free electrons that are crucial to producing the radio emission. Based on such a picture, the dense stellar wind of an RGB or AGB star would interact with the planetary magnetic field and would add power in the form of kinetic energy into the magnetosphere of an RGHJ. We find that the intrinsic brightness of radio emission from RGHJs could be comparable to or greater than that of canonical hot Jupiters in close-in orbits around main-sequence stars and >100 times brighter than distant Jupitertwins around main-sequence stars. This implies that they can be searched for 10 times further away or in a volume 1000 times as large. This can compensate for the rareness of the evolved stars at least partly. Thus, RGHJs will serve as reasonable targets in future searches for exoplanetary radio emission.
A major obstacle to observing this radio emission is the plasma cut-off frequency of the (ionized) stellar wind. Due to the great density of the stellar wind, the cut-off frequency is as high as ∼12 MHz for typical red giants and ∼400 MHz for typical AGB stars, making planetary-mass companions to AGB stars difficult or impossible to see via their auroral radio emission. The most promising targets are massive planetary companions (M p 5M J ) to red giant stars, with magnetic fields stronger than that of Jupiter (and, therefore, higher cyclotron frequencies). Similarly, if the plasma frequency in the region where the bulk of the radio emission is generated is large relative to the cyclotron frequency, this could pose a serious obstacle to observability.
The radio flux from a system with a Jovian exoplanet at a distance of 100 pc would typically be on the order of ∼10 µJy. Such signals would be detectable with SKA within half a day. For a few nearby systems, a possible upgrade to the VLA such as LOBO would also provide reasonable integration times and resolving power. In both cases, it is critical to consider polarization and/or time variability of the planetary radio flux, in order to separate it from confused sources in the same resolution element.
The radio emission from RGHJs may soon prove to be a valuable tool for surveying exoplanets in a region of parameter space around highly evolved stars where traditional exoplanet-discovery methods, such as transit and radial-velocity observations, are less sensitive. Once this planetary radio emission is detected, it will provide a unique approach for studying RGHJ properties. As the auroral radio flux is significantly modulated in association with several physical processes described in Section 4.4, the time variability is useful to infer the planetary spin rotation period or the presence of satellites. If spectra are obtained, the upper cut-off frequency can tell us the magnetic field strength at the planetary surface, which, when combined with constraints on the planetary mass via, e.g., radialvelocity observations, tests the proposed scaling law for the planetary dynamo. Additionally, the lower cut-off frequency of the RGHJ emission could probe the stellar wind properties at the planetary orbit. And finally, the planetary radio power in such an extreme environment as an RG's massive stellar wind will provide valuable data points to test the empirical "radiometric Bode's law." which creates a magnetic dipole
The volume integral of the canceling magnetic field B c generated by a single dipole µ is
Hence, for a number density n of these charged particles, the fraction of the canceling field to the background magnetic field is
where ρ K and ρ B are the kinetic energy density and the magnetic energy density, respectively.
Just inside the stand-off point,
and thus ρ K /ρ B < 1. When the particle spirals into the planet, the magnetic pressures increases as
On the other hand, the kinetic energy of the moment increases
Therefore, unless the density increases more drastically than 1/r 5 , the ratio B c /B is significantly less than unity.
D. EXPECTED NUMBER OF DETECTIONS TAKING ACCOUNT OF PLANET OCCURRENCE RATE
In order to estimate the expected number of RGHJs that might be detectable via near-future radio observatories, we make use of the observed occurrence rate (around main-sequence stars) of Jovian planets. We consider an empirical power-law planet occurrence rate described as
where Cumming et al. (2008) found α = −0.31 ± 0.2, β = 0.26 ± 0.1, C = 1.04 × 10 −3 as best-fit values. Using this equation, the probability that a given evolved star in Figure 5 has an RGHJ with mass larger than threshold M p0 whose radio emission may be detectable is
where P min [M p ] is the minimum orbital period to have a cyclotron frequency larger than the ambient plasma frequency, while P max [M p ] is the maximum orbital period, given the planetary mass, to emit detectable radio flux. We solve for these critical period values by first solving for the corresponding semimajor axis values, and then transforming to period via Kepler's law, P {min,max} = 2π a 3 {min,max} /GM . For the a min , 
For a max , equations (36) and (48) 
Using equation (D3), the expected number of planets more massive than M p0 with detectable radio emission is i P i [> M p0 ], where P i [> M p0 ] is the existence and detection probability for the i-th target. Figure 6 shows the expected number of detections as a function of threshold planetary mass M p0 . This figure indicates that, if all of the targets in Figure 5 are RGB stars, the total number of detections would be about four (seven), provided that the sensitivity of the radio instruments F min is 10 µJy (5 µJy). However, such high sensitivity of the instrument is unlikely to be achieved at low frequency, so more massive planets are probably the best candidates. If ν cyc > 200 MHz (i.e., roughly M p > 7M J ) is required for detectability, then the expected number of detectable systems would be reduced to approximately one to two.
